A polAl exrA strain of Escherichia coli K-12 was found to be more sensitive to ultraviolet radiation than the closely related polAl or exrA strains, but not as sensitive as either the exrA uvrB or recA strains. The exrA and polAl mutations both resulted in a deficiency in the repair of single-strand breaks arising in the deoxyribonucleic acid as a result of the excision repair process (incision breaks). These deficiencies were at least partially independent since the double mutant, poLAl exrA, was more deficient than a strain containing either the polAl or exrA mutation alone. These results suggest that the polAl and exrA mutations result in defects in two different branches of the uvr gene-dependent excision repair process. The repair of incision breaks was still observed in the polAl exrA strain after low exposures of ultraviolet radiation, suggesting the existence of a third branch of the excision repair process which is dependent on neither the polA nor exrA genes. The polAl and polAl uvrA strains were not deficient in post-replicational repair. The exrA strain was partially deficient in post-replicational repair, but the polAl exrA strain was no more deficient than the exrA strain in this repair process. Thus, the increased ultraviolet irradiation sensitivity of the polA1 exrA strain relative to the polAl and exrA strains appears to be related to the effect of the polA1 and exrA mutations on different branches of the uvr gene-dependent excision repair process as well as to the effect of the exrA mutation on the post-replicational repair process.
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Two general systems for the dark repair of ultraviolet (UV) radiation damage in the deoxyribonucleic acid (DNA) of Escherichia coli have been described (10, 29, 31) : (i) the excision repair of UV-induced lesions, and (ii) the postreplicational repair of gaps in daughter-strand DNA arising from replication past photochemical lesions in the parental strands.
The excision repair process is dependent on the uvr gene products (11) . The uvrA and uvrB gene products appear to be necessary for the initial DNA incision steps (9, 10, 15) , while the uvrC gene product may be involved in a reaction intermediate between the incision and excision steps (15) . The excision of the UVinduced lesions may involve DNA polymerase I (2, 16) . In vitro experiments have shown that proteolytic fragments of DNA polymerase I which retain the 5'-3'-exonuclease activity are able to excise thymine dimers (28) .
The rate of closing of incision breaks in polAl cells is slower than in pol+ cells (13, 26) . Since the polAl strain is deficient in DNA polymerase I activity (5), this finding suggests that the DNA repair resynthesis step of excision repair is partially dependent on DNA polymerase I activity. The repair resynthesis which occurs in polAl strains could be due either to residual DNA polymerase I activity (18) or to some other DNA polymerase.
Monk et al. (22) reported that a polAl uvrA strain was only slightly more sensitive to UV irradiation than the related uvrA strain, thus indicating that the involvement of DNA polymerase I in the repair of UV-induced damage is mainly in the excision repair process. Their finding was confirmed by Witkin and George (35) (8, 21) .
The post-replicational repair process is deficient in recA strains (32) and is somewhat deficient in the strain B8, (30) , which carries the exrA and uvrB mutations (20) . The finding that a polAl mutation sensitizes a uvr strain only slightly (22, 35) suggests that DNA polymerase I is not normally involved in the post replicational repair process.
It has been shown that the exrA and lex strains are quite similar (9, 24, 25) and have many of the characteristics of recA strains (6, 9, 23) , with the notable exception of differences in recombinational ability. The recA (14) and exrA (19, 27, 36) strains are both deficient in the type III (growth medium dependent) repair of X-rayinduced DNA single-strand breaks, and, in contrast to the inviability of the polAl rec combinations (8, 21) , the polA1 exrA strain is viable (36) .
In this report, the effects of the exrA mutation on the excision and post-replicational repair processes are examined. Samples were diluted in buffer (11.7 g of Na2HPO4 and 7.1 g of KH2PO4 per liter, pH 7.0) and plated on BRANCHES OF EXCISION REPAIR Radiat. Res., in press) on top of 4.8-ml linear gradients of 5 to 20% (wt/vol) sucrose in 0.1 N NaOH. After standing for 40 min, the gradients were centrifuged for 105 min at 30,000 rpm at 20 C in an SW50.1 rotor. The techniques for processing the gradients and analysing the data have been described (34) .
For the measurement of post-replicational repair, a pulse-labeling procedure was used (32) . Exponentially growing cells were resuspended in DTM buffer at 3 x 10' to 4 x 10 cells/ml. Immediately after irradiation, a sample of cells was added to an equal volume of warm MM with twice the usual concentration of glucose, thiamine, amino acids, and thymine (thymine-methyl-3H at 600 pCi/ml). The cells were incubated at 37 C for 10 min, collected on 0.45-Mm membrane filters, (Millipore Corp.), washed with warm MM, and resuspended in warm MM. After incubation at 37 C for the desired time, samples were layered onto alkaline sucrose gradients and processed as described above. The number of cells layered per gradient was 101 to 5 x 10", depending on the level of radioactivity incorporated into the cells. For any given experiment the same number of cells in the same volume (0.05 ml) was layered onto each gradient.
UV-induced DNA degradation. The cells were labeled with 3H-thymine, irradiated, and incubated as described in the previous section. The only exception was that for cells labeled before UV irradiation, 3H-thymine was present at 50 uCi/ml.
At desired times during the post-irradiation incubation period, triplicate samples were placed on filter paper disks which had been previously soaked in 10% trichloroacetic acid and dried. The techniques for processing the disks have been described (34) .
Strain construction. The techniques used for transduction with phage Plkc have been described (36) . The uvrB5 (DY145) and exrA uvrB5 (DY146) strains were derived from the bio malB strain, KH21. First the uvrB5 mutation was introduced by transduction of bio+ uvrB5 using phage Plkc grown on strain AB2499. The exrA mutation was then introduced into a resulting uvrB5 isolate by transduction of mal+ exrA with phage P1 grown on strain DY99. In each case the initial selection was for the nutritional marker (bio+ or mal+), and the presence of the uvrB5 or exrA mutation was determined by checking UV or X-ray sensitivity, respectively.
RESULTS
The UV survival curves for the wild-type, exrA, polAl, polAl exrA, uvrB5, exrA uvrB5, and recA56 strains growing exponentially in MM and plated on MM-agar are shown in Fig.  1 . The double mutant, polAl exrA, was more sensitive than either the polAl or exrA single mutants but was not as sensitive as the exrA uvrB5 or recA56 strains.
The repair of single-strand breaks (incision breaks) produced in DNA by the excision repair process after UV irradiation was measured ( Fig.  2-5 all incision breaks within 60 min after a UV exposure of 400 ergs/mm2 ( Fig. 2A ), but only a slight shift in the DNA profile was observed 60 min after a UV exposure of 700 ergs/mm2 (Fig.   2B ). In the exrA strain, after a UV exposure of 200 ergs/mm2 there were few incision breaks remaining after incubation for 60 min (Fig. 3A) , but after 400 ergs/mm2 repair was not complete after 60 min (Fig. 3B) or 180 min (data not shown) of incubation. The polAl strain repaired the incision breaks completely after an exposure of 100 ergs/mm2 (Fig. 4A) , but showed only a slight shift in the DNA profile during 70 or 180 min of incubation after an exposure of 200 ergs/mm2 (Fig. 4B) . Thus, the data show that both the exrA and polAl mutations result in a partial deficiency in the repair of incision breaks.
The polAl exrA strain was more deficient in the repair of incision breaks than either the polAl or exrA strains. After 200 ergs/mm2 there was no shift in the DNA profile for the polAl exrA strain even after incubation for 120 min (Fig. 5C ). After an exposure of 100 ergs/mm2 there was a shift in the DNA profile towards higher molecular weights after 60 min, but no additional repair was observed after 120 min of incubation (Fig. SB) . Complete repair was observed with the polAl exrA strain within 60 m2
after an exposure of 50 ergs/mm2 (Fig. sA) . The effect of the exrA and polAI mutations on the post-replicational repair process was also examined ( Fig. 6 and 7) . After an exposure of 63 ergs/mm2 the wild-type (Fig. 6A) , polAI (not shown), and polAl uvrA (Fig. 6B ) strains completely repaired the gaps in their daughterstrand DNA during a 60-min incubation period in MM medium. The exrA and polAl exrA strains both showed only partial repair under these conditions ( Fig. 7A and B) .
In an effort to avoid the problem of competition between excision repair and gap production, we examined post-replicational repair in an exrA uvrB5 strain. This strain was somewhat more deficient in post-replicational repair than the exrA strain, showing partial repair after 60 min of incubation (Fig. 8B) and no further repair after 120 min of incubation (Fig. 8C ) after an exposure of 63 ergs/mm2. The isogenic uvrB5 strain showed complete repair after 60 min (Fig. 8A) , indicating that the deficiency of the exrA uvrB5 strain was due to the exrA mutation.
The extent of UV-induced degradation of DNA in cells labeled for several generations before (prelabeled) or for 10 min after (pulse labeled) UV irradiation was determined. The results for prelabeled DNA ( that the extent of UV-induced degradation correlates inversely with the capability of a strain to repair incision breaks in DNA. For example, the polAl exrA strain was the most deficient of the strains examined in the repair of incision breaks (Fig. 5) and also degraded prelabeled DNA to the greatest extent.
Similarly, the exrA uvrB5 strain was the most deficient in post-replicational repair (Fig. 8) and also degraded pulse-labeled DNA most extensively ( Table 3) . Some of the results for degradation of pulse-labeled material are not readily explained. For example, the exrA strain degraded pulse-labeled DNA more extensively than the polA exrA strain and yet seemed to be no more deficient in post-replicational repair (Fig. 7) . 
DISCUSSION
The polAl exrA strain of E. coli K-12 was more UV sensitive than either the exrA or polAl strains (Fig. 1) . This result suggests that the polAl and exrA mutations result in defects in different repair pathways. The exrA uvrB5 strain was more UV sensitive than was the uvrB5 strain, in agreement with the results of VOL. 116, 1973 179 Mattern et al. (20) , suggesting that at least part of the sensitizing effect of the exrA mutation is due to an effect on some repair process other than excision repair. aThe values listed indicate the percentage of radioactivity remaining trichloroacetic acid-insoluble relative to a zero time sample. The cells were pulse labeled for 10 min after a UV exposure of 63 ergs/mm2. The labeled cells were filtered, washed, resuspended in MM medium, and incubated at 37 C for the indicated period.
The polAI strain was partially deficient in the repair of incision breaks (Fig. 4) , in agreement with previous results (13, 26) , but the polAl uvrA strain was not deficient in post-replicational repair after an exposure of 63 ergs/mm2 (Fig. 6B) . This finding is consistent with survival results (22, 35) which showed that a polAl mutation only slightly sensitized a uvrA strain, thus indicating that the polA gene product, DNA polymerase I (5, 17) , is involved mainly in the excision repair process.
The exrA mutation resulted in partial deficiencies in both the repair of incision breaks ( Fig. 3 ) and in post-replicational ( Fig. 7A and  8B ) repair. The deficiency in the repair of incision breaks resulting from an exrA mutation was at least partially independent of that caused by a polAl mutation since the presence of both mutations (i.e., in the polAl exrA strain) resulted in a greater deficiency than when only one of these mutations was present ( Fig. 3-5 ). The polA exrA strain was no more deficient in post-replicational repair than was the exrA strain ( Fig. 7) . Thus, the increased UV sensitivity of the polAl exrA strain relative to the polAl and exrA single mutants appears to be related to the effect of the polAl and exrA mutations on different branches of the uvr gene-dependent excision repair process as well as to the effect of the exrA mutation on the post-replicational repair process. Van repair process which is not dependent on DNA polymerase I. These data support our suggestion that the exrA and polA genes control separate branches of the excision repair process.
Thus, the uvr gene-dependent excision repair process appears to consist of at least three different branches: (i) a branch dependent on the polA gene, (ii) an exrA gene-dependent branch, and (iii) a branch which is not dependent on either the polA or exrA genes and which is responsible for the repair observed in the polAl exrA strain.
The residual repair of incision breaks which was observed in the polAl exrA strain does not appear to be due to incomplete inactivation of the polA gene-dependent and exrA genedependent branches of excision repair because of the following reasons. (i) Lehman and Chien (18) have observed only about 0.2% of the wild-type level of DNA polymerase I in extracts of a polAl strain similar to those used in the experiments reported here. The wild-type strain repaired the incision breaks completely up to a UV exposure of between 400 and 700 ergs/mm2 (Fig. 2) . Thus, the residual DNA polymerase I activity present in the polAl strains could account for the complete repair of incision breaks only after UV exposures of less than 1 to 2 ergs/mm2, whereas complete repair was observed in these strains after 50 to 100 ergs/mm2 (Fig. 4, 5) . (ii) The recA strain appears to be no more deficient in the repair of incision breaks than the exrA strain (D. A. Youngs, E. Van der Schueren, and K. C. Smith, in preparation). Thus, the recA and exrA mutations appear to be equally efficient in blocking the repair of incision breaks, although the recA mutation causes a more pronounced deficiency in post-replicational repair (see below). (iii) Our results with a polAI dnaE strain (Nature [London] , in press) indicate that the repair of incision breaks which occurs in polAl strains is largely dependent on DNA polymerase III activity. This suggests that both the exrA-dependent branch and the exrAand polAl-independent branch of excision repair may require DNA polymerase III.
Cooper During the course of the experiments involving the repair of incision breaks, it was observed that each of the strains, wild-type, exrA, polAI, and polAl exrA, completed the repair of incision breaks within about 60 min up to a certain critical UV exposure, which was strain dependent and correlated with the UV sensitivity of the strain. Above this exposure, repair was completed much more slowly, if at all. This result is similar to the finding of Achey and Billen (1) that DNA repair synthesis was complete within 45 min after UV irradiation. The basis of this phenomenon is not clear, but the implication is that repair occurs in each strain for 45 to 60 min until some event occurs which greatly reduces the rate of repair of at least a portion of the remaining incision breaks.
The UV-induced degradation of prelabeled DNA ( Table 2 ) seems to correlate inversely with the ability of the strains examined to repair incision breaks (Fig. 2-5 ). The recB21 strain shows only very limited degradation of prelabeled DNA after UV irradiation (12) but appears to be deficient in the repair of incision breaks (D. A. Youngs, E. Van der Schueren, and K. C. Smith, in preparation) similar to the exrA strain. Thus, the UV-induced DNA degradation response appears to be a result of, rather than the cause of, the deficiency in the repair of incision breaks.
The exrA strain was partially deficient in post-replicational repair. This was most apparent if a uvr mutation was also present (compare Fig. 7A and 8B) . A possible explanation for this result is that the presence of the uvr mutation would block excision repair and thereby eliminate the competition between the excision repair process and DNA replication (the gap production process). This would result in a greater yield of gaps in the DNA of the uvr strain for a given UV exposure.
The recA strain (32) was markedly more deficient in post replicational repair than the exrA strain (Fig. 7A) . This observation correlates with the survival data, which show that a recA strain is more sensitive to UV radiation than is the exrA strain (Fig. 1) . The difference in post-replicational repair deficiencies observed in the exrA and recA strains may be a reflection of defects in different steps of the post-replication repair process. The defect caused by the exrA mutation is apparently specific for repair rather than normal recombi-VOL. 116, 1973 nation since exrA strains are not markedly deficient in genetic recombinational ability (6) .
